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Abstract—Site-controlled [111]-oriented GaAs quantum dot
molecules (QDMs) are promising building blocks for generat-
ing multi-dimensional photonic cluster states, owing to their
precise control over dot size and inter-dot spacing. However,
their electronic coupling and excitonic structure are still largely
unexplored. We present a theoretical investigation of the elec-
tronic and optical properties of [111]-oriented GaAs QDMs.
Building upon a theoretical model that is benchmarked against
experimental data for large dot separations enables us to identify
QDM configurations with an electronic structure promising for
multi-dimensional cluster-state generation.

Index Terms—Quantum Dots, Electronic Structure, Excitonic
properties.

I. INTRODUCTION

Multidimensional photonic cluster states (MDPCS) offer a
scalable platform for measurement-based quantum comput-
ing [1], but generating them deterministically remains chal-
lenging. Quantum dot molecules (QDMs) have been iden-
tified as a potential platform to generate these highly en-
tangled states. Site-controlled [111]-oriented GaAs pyramidal
quantum dots (QDs) provide exceptional reproducibility in
size, composition and position [2], making them an ideal
candidate for MDPCS generation [3]. Results for the widely
studied [001]-oriented (In,Ga)As system cannot be directly
transferred, because GaAs quantum dots grown along the
[111] direction experience a different crystal symmetry. The
combined dot–crystal symmetry changes from C2v in the [001]
orientation to C3v in the [111] orientation. This change in
symmetry affects the electronic structure but also the excitonic
fine structure. To preserve the symmetry we have implemented
a symmetry-adapted 8-band k · p model that is combined
with configuration interaction (CI) calculations to gain insight
into the excitonic properties. The developed theoretical model
is benchmarked against photoluminescence spectra for GaAs
QDMs at large spacer layer thicknesses. The benchmarked
model allows for the identification of GaAs QDMs with an
electronic structure promising for MDPCS generation.

II. THEORETICAL FRAMEWORK

To gain insight into the electronic structure of site-controlled
[111]-oriented GaAs QDMs, we employ a k · p Hamiltonian
which builds on Refs. [4], [5], and includes strain and piezo-
electric fields up to 2nd order. The model is implemented

in the plane-wave based open-source library SPHInX [6],
allowing the use of symmetry-adapted simulation cells, critical
for preserving the C3v symmetry of the QDM system. The
electronic structure then serves as the basis for CI calculations
to describe the (multi-)excitonic complexes in these dots.
Using Fermi’s Golden rule, we calculate the optical spectra
allowing for direct comparison with experiment. The required
interaction matrix elements, i.e., Coulomb and dipole matrix
elements are directly calculated from the k ·p wave functions.

III. RESULTS AND DISCUSSION

A. Quantum dot geometry and size

The electronic and optical properties of site-controlled
[111]-oriented GaAs QDMs are governed by geometry and
composition of the dots. Experiments show that stacked
QDs are intersected by an (Al,Ga)As vertical quantum wire
(VQWR) and embedded within an (Al,Ga)As matrix. A
schematic of the QDM–VQWR heterostructure is shown in
Fig. 1 (a). Guided by experimental data and detailed the-
ory–experiment comparisons at large inter-dot separations d,
we obtain close agreement between theory and experiment
for a lateral dot size, L = 15 nm and heights h1 = 5 nm
and h2 = 4.75 nm. Fixing these values for the structural
parameters, we study the impact of d on the electronic and
excitonic structure.

B. Electronic Structure and inter-dot separation

Figure 1 (b) presents the lowest six electron single-particle
energies as a function of the inter-dot separation d. To identify
states confined by the GaAs QDs, we computed the electronic
structure of the (Al,Ga)As VQWR in the absence of the
QDs; its ground-state energy provides a reference, such that
negative energies correspond to QD-bound states. The electron
ground state is denoted by E0. To delineate the regime of
inter-dot coupling, calculations for a single-QD embedded
in the VQWR are also performed. The resulting single-QD
energies, shown as vertical dashed lines, are independent of
d by construction. The single-particle spectra show that for
d > 7 nm the QDs are effectively de-coupled from one
another, with QDM energies coinciding with the single-QD
levels. For d < 7 nm, inter-dot coupling becomes evident
through the formation of bonding and antibonding states.
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Fig. 1. (a) Schematic illustration of the QDM geometry. (b) Energetically lowest lying 6 electron states in an GaAs QDM as a function of spacer layer
thickness d. The dashed vertical lines (Ref. Dot T; Ref. Dot B) indicate the ground state energy of the individual dots. The energies are referenced to the
ground state of VQWR. (c) Same as in (b) but for holes.

Both the ground-state manifold (E0,E1) and the first excited
state manifold (E2,E3) hybridize at nearly identical d values.
However, the cluster state generation scheme of Ref. [1]
requires two independent ground states and a shared excited
state. This level structure is not realized for electrons in
our QDMs. This makes electron-based cluster-state protocols
difficult to implement, though additional coupling might be
engineered by modifying the spacer-layer alloy composition.

Figure 1 (c) shows the lowest six hole energies referenced
to the VQWR ground state without QDs; negative values
indicate QD-bound states. The hole ground state is denoted
by H0. The dashed lines again mark the isolated single-QD
energies. As expected from the larger hole effective mass, the
level spacing is significantly reduced compared to electrons.
The evolution of the hole ground-state manifold (H0,H1)
with inter-dot separation d closely mirrors the electron case:
bonding–antibonding splitting appears for d < 7 nm, while
for d > 7 nm the spectrum reverts to that of two independent
dots. Crucially, however, at d = 7 nm the first excited
hole state, H2, forms a bonding, and thus shared, state. The
coupling arises from the distinctive electronic structure of
[111]-oriented GaAs QDs. This behaviour stands in contrast
to electrons and indicates that hole states at least for the
here studied QDM system may provide a viable platform for
MDPCS generation in [111]-oriented GaAs QDMs

While single-particle states help identify candidate QDMs,
CI calculations reveal that Coulomb interactions significantly
renormalize the spectrum (not shown). Thus, a complete
excitonic treatment is essential to accurately model MDPCS
generation.

IV. CONCLUSION

We developed a symmetry-adapted 8-band k·p model com-
bined with a CI scheme to investigate the electronic and optical
properties of site-controlled [111]-oriented GaAs QDMs. By
varying the spacer-layer thickness, we have taken first steps

toward identifying QDM configurations suitable for MDPCS
generation. Although electrons are often discussed in terms of
cluster-state protocols, our results show that the required level
structure is not supported in the QDM system studied here.
Instead, hole states, shaped by the unique electronic structure
of [111]-oriented GaAs QDs, emerge as a more promising
route. We also find that Coulomb interaction significantly
renormalise the optical spectra, highlighting the necessity of
full excitonic calculations when assessing QDMs for MDPCS
generation.
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